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INTRODUCTION 
Considerable efforts have been made in recent years to develop quantitative nondestruc-
tive evaluation (NDE) techniques for composite materials, which are being used increasingly 
in primary structures. The leaky Lamb wave phenomenon has shown considerable potential 
as an NDE method [1]. Most results reported in this area to date have been concerned with 
unidirectional laminates [2-4]. This is attributed to the complexity involved in theoretically 
predicting the response of these materials, as well as to certain difficulties associated with 
the experimental research. In practice, structural composites are made up of layers in vari-
ous orientations. Their stacking order is dependent upon the requirements of the particular 
application. Therefore, the capability of analyzing the behavior of Lamb waves in multi-
orientation laminates is crucial for the application of LLW to composites. 
In recent years, the authors have made significant progress in the areas of data acquisi-
tion for LLW experiments and in the theoretical analysis of the LLW phenomenon. Further, 
they have developed a data inversion technique for determining the elastic constants and 
interface properties of composite laminates [5,6]. This has led to better capability for com-
paring theoretical and experimental results for general laminates. The theoretical model 
accounts for attenuation in the composite as well as for the presence of matrix-rich layers 
between the laminae. In this paper, our progress in the areas of theoretical and experimental 
research on guided wave propagation in general multiorientation laminates is described. 
THEORETICAL MODEL 
The main task of the theory is to calculate the reflected field and the dispersion curves 
for the LLW arrangement shown in Fig. 1. It has been demonstrated in a number of pre-
vious papers that the incident wave field can be accurately represented by plane waves 
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Fig. 1. Schematic of leaky Lamb wave (LLVV) experiment for composite 
laminate specimen. 
propagating parallel to the beam [2] convolved with a measured reference response. The 
calculation procedure for a given model of the laminate is also available [7] and will not be 
repeated here. The developed computer code can handle multilayered, multiorientation lam-
inates of arbitrary thickness in the presence or absence of material dissipation and 
anisotropy. 
A major difficulty in simulating mechanical phenomena in composites is modeling these 
materials as a continuum, since they are, in general, highly inhomogeneous, anisotropic, and 
dissipative. The model must be theoretically tractable and, at the same time, must capture 
the essential features of the wave phenomena. Thus, it is necessary to consider the nature of 
the waves generated in the specimen during the experiment before an appropriate model can 
be constructed. 
In the LLW experiment carried out at Douglas, the angle of incidence, Om of the acoustic 
beam is varied in the 12- to 50-degree range, and the coupling fluid is water. Since the 
acoustic wave velocity in water is almost 1.5 mm/t.J.sec, the velocity of the guided waves pro-
duced in the specimen is in the approximate range of 2 to 7 mm/t.J.sec. In the frequency 
range of the experiment, the wavelength of the shortest wave in the specimen is about 
160 t.J.m. Thus, the waves are considerably longer than the diameter of the fibers 
(""' 7.5 t.J.m), but are shorter than the thickness of the laminate. Under these conditions, the 
elastic properties of the composite can be adequately modeled as transversely isotropic with 
symmetry axis along the fibers. 
Then, using a local Cartesian coordinate system on the m-th lamina with the 1-axis along 
the fibers and the 3-axis normal to the laminate, the stress-strain law for the material of the 
lamina can be described by means of five independent elastic constants, namely, Cn, Czz, 
C12. Cz3, and Css-
In order to complete the model of the laminate, it is necessary to specify the nature of 
the interface between the laminae. This region is generally matrix-rich and thinner than the 
laminae. For the present specimen, the nominal thickness of each lamina is assumed to be 
125 t.J.m and that of the interfacial zones is assume to be 10 t.J.m. 
For a specified model of the laminate, the amplitude and phase of the reflection coeffi-
cient, normalized to those of the incident field, are calculated by means of the code. In order 
to compare the theoretical and experimental results, these spectra were multiplied by the 
transducer response. This response was acquired by placing a tungsten film over the lami-
nate and measuring the reflected spectra. Using the authors' new computer code based on 
the simplex algorithm [5,6] for data inversion, the following properties were determined for a 
unidirectional lamina: 
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Cu = 160.73 GPa, C22 = 13.92 GPa, C12 = 6.44 GPa, 
C23 = 6.92 GPa, Css = 7.07 GPa. 
These values of the elastic constants and a density of 1.58 grnlcc were used in the calcu-
lations for the multilayered angle-ply laminate. The interfacial layers were assigned the 
properties of epoxy (e = 1.2 gm/cc, a = 2.1 mm/p.sec, P = 0.95 mmfpsec). 
EXPERIMENTAL SETUP 
A pitch-catch arrangement was used (Fig. 1) with the receiver placed at the null zone of 
the leaky wave field for each angle of acoustic wave incidence. Tone-burst signals, with a du-
ration sufficiently long to establish a steady-state condition in the test specimen, were pro-
duced with the aid of an HP3314A function generator. The received signals were amplified 
by a Panametrics 5052PR and a Matec receiver Model 605. At specific angles of incidence, 
the computer acquired the amplitude of the reflected signal as a function of frequency, 
which was transmitted to the function generator. The amplitudes were digitized with the aid 
of a gated integrator (made by SRS). At various angles of incidence, the amplitude spectra 
of the reflected signals were acquired. This test was made for several graphite/epoxy speci-
mens. In this paper, the experimental results for a cross-ply specimen (T650/1901 [0,90]2s) of 
1.07-mm thickness are presented and compared with theoretical results. 
The authors have developed an efficient computer code to expedite the data acquisition 
process and improve the accuracy of identifying the modes. The software controls the 
frequency of the HP3314A function generator tone-burst signal that insonifies the part. 
Simultaneously, with the aid of the boxcar averager (made by SRS), the software acquires 
the digitized amplitude of the LLW field at the null zone. The frequency is changed in the 
desirable range to determine the reflection coefficient. The minima are searched and identi-
fied at each angle of incidence at which the transducers are set. The angle was varied from 
12 to 50 degrees at 2-degree increments. The accumulating dispersion data and the current 
reflection coefficient are displayed side-by-side on the computer monitor with the minima 
identified on both. Only the minima with more than a 4-percent drop in amplitude on the 
reflection coefficient at the given frequency were recorded. This approach reduced the possi-
bility of acquiring noise as data. Further, prior to saving the data on file, one can verify the 
minima and ensure that no false data are recorded. The angle of incidence is converted to a 
phase velocity with the aid of Snell's law, and its associated minima are saved in a single 
record of the dispersion curve file. 
Since transducers have a limited frequency range, the dispersion curve was established 
by using 0.5-, 1-, 2.25-, 5-, and 10-MHz transducer pairs. For each pair, a frequency sweep 
was conducted within the range of the transducer response up to an amplitude of 10 dB be-
low the maximum of both sides of the frequency that induced the peak. Certain frequency 
ranges of the transducer spectra overlapped, providing verification of the modes as well as a 
measure of the data accuracy. 
TEST RESULTS 
The capability of the method has been examined by applying the analysis to data ob-
tained from a [0]24 graphite/epoxy laminate. The agreement between measured and calcu-
lated results is excellent for up to 20 modes that have been recorded along the fiber direc-
tion (Fig. 2). The data shown in this figure have been acquired in a frequency- times-thick-
ness (f • d) range up to about 36 (MHz • mm). In this case, frequency dependence of the 
elastic moduli and dissipative effects has been taken into consideration in the calculations. 
Similar agreement was observed when testing a 1-mm-thick graphite/epoxy sample of [0]8 
using test frequencies up to 18 MHz. This agreement confirms the accuracy of the analysis 
and the experimental system. 
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Fig . 2. Dispersion curve for Gr/Ep, [0]24 . 3.86-mm-thick laminate along 
fiber direction 
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Fig. 3. Dispersion curves for water-loaded graphite/epoxy [0,90)25 plate (assuming 
static material properties) . 
1422 
12 
Using these tools, the dispersion data from [0,90]2S were acquired at 0, 45, and 90 de-
grees to the fibers. The data have been compared with the theory and are plotted in Fig .. 3. 
While the agreement is excellent at lower frequencies, it deteriorates at higher frequencies. 
The discrepancy is caused by several factors. One of these is that at higher frequencies, the 
model used in the theoretical calculations is oversimplified, since it does not account pre-
cisely for the frequency-dependent properties of the material. It is also difficult to identify 
the minima of the measured reflected spectra at higher frequencies because of the complex-
ity of the modes, so that misidentification of the minima cannot be overruled. Clearly, more 
work is needed to clarify these issues. 
CONCLUDING REMARKS 
Theoretical and experimental methodology have been developed to study the leaky Lamb 
wave phenomena in multiorientation composite laminates. The model takes into account the 
nature of the laminate as a stack of laminae with different orientation and a thin layer of 
epoxy between them. The model was tested on unidirectional graphite/epoxy laminates, and 
showed excellent agreement up to 18 MHz for a 1-mm-thick laminate and up to 20 modes in 
a 3.86-mm-thick laminate. Further, excellent agreement was obtained for a cross-ply [0,90]25 
laminate using the simplex algorithm for data inversion. 
Presently, this technique is being applied to NDE of damage in multiorientation 
laminates. 
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